metallic nanostructures with spintronic functionality, for instance structures dependent on high aspect ratios, such as racetrack memory. 8, 9 Additionally, interesting phenomena related to spin transport in non-planar geometries (e.g. coated nanowires) were recently proposed.
10
In particular, the propagation length of spin/magnon currents in such curved geometries should crucially depend on the spin current's polarization direction.
10-12
To determine by electrical transport whether spin generation and detection are also feasible in such structures, spin Hall magnetoresistance (SMR) can be used. SMR is a powerful tool for determining the spin transport parameters in ferromagnetic insulator (FMI)/nonferromagnetic metal (NM) heterostructures. 7, 13, 14 In particular, the magnitude of the SMR effect as a function of the NM thickness allows inferring the spin Hall angle Θ SH and the spin diffusion length λ NM of the normal metal and the FMI/NM interface quality quantified by the spin mixing conductance G r .
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Here, we show that Pt films grown via ALD are indeed spin Hall active. Specifically,
we observe an SMR with magnitude 2.2 × 10 −5 in heterostructures consisting of an yttrium iron garnet (Y 3 Fe 5 O 12 , YIG) thin film covered by a Pt layer grown by ALD. This is clear evidence for spin-Hall-driven spin current transport across the YIG/Pt interface.
Thus, our study establishes the ALD deposition of Pt, a prototypical material that is widely used as a detector/injector for spin currents. This provides an important contribution toward the realization of spin transport experiments in non-planar/non-trivial geometries and might lead to spintronic applications in 3D geometries in the future.
We started from commercially available, 1 µm thick YIG films grown via liquid phase epitaxy on Gd 3 Ga 5 O 12 substrates. Then, we used the established cleaning and pre-preparation procedure to prepare our ex situ YIG/Pt samples.
15,16
The YIG films were cleaned using piranha etching solution (3H 2 SO 4 :1H 2 O 2 ) for one minute to remove organic residue from the surface. 16 Subsequently, the samples were submerged in distilled or de-ionized water and loaded into the ALD chamber while still covered The platinum films for series B were grown in a Gemstar-6 ALD reactor, which is also commercially available from Arradiance. The same organic precursor was used, but the oxidizer was replaced with ozone (O 3 ) due to its higher reactivity. The ozone was provided by a BMT 803N ozone generator. The organic precursor was heated to 50
• C, while the reactor chamber was set to 220
• C. The pulse and exposure times of the Pt precursor were set to 500 ms and 30 s, respectively. The pulse and exposure steps were performed two times to ensure a saturation of the sample surface with the organic precursor. Afterward, the precursor residue and the reactants were purged from the chamber in a 90 s pump interval.
Subsequently, O 3 was pulsed for 500 ms, followed by an exposure time of 30 s and a pump time of 90 s. Herewith, 160 (240) cycles result in a Pt thickness of t Pt = (8.8 ± 0.5) nm (t Pt = (14.3 ± 0.5) nm). A summary of the growth parameters of both series A and B is presented in Tab. 1.
Additionally, a reference sample was prepared with a 7 nm sputtered Pt film, where the YIG film was additionally annealed in the ultra-high-vacuum of the deposition chamber at
200
• C after the piranha etch to further improve the interfacial quality and to mimic the temperature of the ALD process.
To investigate the surface topology, atomic force microscopy (AFM) was performed to extract the rms roughness of our films. An AFM measurement of a sample with t Pt = 8.8 nm yields a roughness of 0.72 nm that is consistent with comparable films shown in the literature. 7 Furthermore, the exact thickness of the films was determined by X-ray reflectometry (XRR) measurements and subsequent fitting of the obtained curves. An exemplary set of data and the respective fit are shown in Fig. 1(b) .
After finishing the structural characterization, Hall bars were patterned into the Pt layers (cf. Fig. 1(a) ) using optical lithography and subsequent dry etching with Ar ions. The Hall bars have a length of l = 400 µm and a width of w = 80 µm.
To establish electrical contact to our setup, the samples were glued to a chip carrier and contacted via wedge bonding with aluminum wire. To quantify the magnetoresistive response, the samples were mounted in a magnet setup with a cylindrical Halbach array.
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It features a constant magnetic flux density of µ 0 H = 1 T perpendicular to the array's cylindrical axis.
To obtain the magnetoresistance, we drive a current of I =80 µA to 500 µA along the Hall bar with a Keithley 2450 sourcemeter while simultaneously recording the voltage drop with a Keithley 2182 nanovoltmeter. To further improve the measurement sensitivity and to remove spurious contributions, we employ a current reversal technique.
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The resistivity of the samples as a function of the platinum thickness is shown in Fig. 1(d) .
As expected for platinum and all other metals, a sharp increase in the resistivity toward low thicknesses is observed, which is consistent with previous reports. 19, 20 We use Eq. (1) to fit the data and extract the mean free path in our platinum layers assuming that we are in the diffusive limit. 21 The fit yields a bulk resistivity of ρ inf = 238 nΩ m and an electron mean free path of λ el = 4 nm when using the roughness of h = 0.72 nm as determined by AFM.
The extracted mean free electron path and the bulk resistivity agree well with values reported for evaporated platinum thin films.
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To determine the angular dependence of the magnetoresistance, the Halbach array and thus the magnetic field are rotated around the cylindrical axis. Using three different sample inserts, we define the (mutually orthogonal) rotation planes of the magnetic field. For inplane rotations (ip), the magnetic field is rotated in the film plane around the surface normal n. For the other two rotation planes, with a finite component of the magnetic field out of the film plane (oop), the magnetic field is either rotated around the direction of the current flow j (oopj) or the transverse direction t (oopt). The three rotation planes are shown as insets in Fig. 2(a-c) .
The obtained magnetoresistance for a YIG/Pt (ALD) film with t Pt = 4.4 nm is shown in Fig. 2 . The resistivity of Pt is strongly temperature dependent; therefore, a linear drift was subtracted from the data to compensate for the slow drifts of the sample temperature. Since the SMR only depends on the projection of the magnetization onto the t direction, 7,13 i.e.
, ρ ∝ m and no modulation for the oopt rotation. This is fully corroborated by our experimental observations. In other words, Fig. 2 shows the characteristic fingerprint of SMR in our YIG/Pt heterostructures also for ALD-grown Pt. To further analyze the relevant transport parameters in our heterostructures, we investigate the thickness dependence of the SMR (c.f. Fig. 3 ). As expected for SMR, the magnitude of the MR decreases for increasing thickness.
Using two different sets of parameters adapted from the study by Althammer et al.
also obtain a good fit of the magnitude of our data, we have to reduce the spin mixing conductance by approximately a factor of 10. The two sets of parameters are summarized in Fig. 3 . Additionally, from the two parameter sets, it is clear that the spin Hall angle and the spin mixing conductance are closely related and that their influence cannot be trivially separated. Nevertheless, all parameters agree well with the range of previously reported values.
6
In the ALD grown samples, the interface quality is most likely affected by the organic constituents of the precursor, 16 making novel approaches in the pre-treatment of the YIG films prior to deposition necessary. 
